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precursor method

. Takeuchi,¥ K. Chang, and R. P. Sharma

Small Smart Systems Center, Department of Materials Science and Engineering and Center for
Superconductivity Research, Department of Physics, University of Maryland, College Park,
Maryland 20742-2115

L. A. Bendersky
National Institute of Standards and Technology, Gaithersburg, Maryland

H. Chang, X.-D. Xiang, E. A. Stach, and C.-Y. Song
Lawrence Berkeley National Laboratory, Berkeley, California

(Received 8 December 2000; accepted for publication 29 May)2001

We have investigated the microstructure (8, ShTiO5 films fabricated from Baj/SrF,/TiO,
amorphous multilayers. Rutherford backscattering spectroscopy and x-ray diffraction studies show
that a controlled thermal treatment can interdiffuse the multilayers so as to create predominantly
single-phase epitaxigBa, S)TiO; films. A high resolution cross-sectional transmission electron
microscopy investigation of the processed films shows that they consist of large epitaxial grains of
(Ba, SHTiO; with atomically sharp interfaces with the LaAJGubstrates. In addition, we have
identified regions where polycrystalline and transient phases exist in small pockets in the film
matrix. The results here indicate that the combinatorial thin-film synthesis using precursors can
produce(Ba, SHTiO; films in combinatorial libraries which exhibit properties similar to those films
made by conventional techniques. D01 American Institute of Physics.
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INTRODUCTION (Ba, S)TiO; (BST) with a perovskite structure repre-
sents a very important materials system whose applications
Combinatorial thin-film materials synthesis has provengre widely pursued for use in a variety of fields. Properties of
to be a powerful tool in exploring new and improved com- ceramic BST have been studied for decades. We have previ-
positions of electronic materials® Its utility and effective-  ously fabricated various thin-film libraries of BST and re-
ness have been demonstrated with highsuperconductors lated compounds in search of improved ferroelectric/
and in successful discoveries of a novel phase of magnetorelielectric materials for thin-film microwave device and
sistive materials and a series of new luminescent materialslynamic random access memofPRAM) applications.
Recently, it has also been used to improve and optimizé&rom the dopant libraries, we have found that W doped
properties of ferroelectric/dielectric materidt-® There are BST exhibits lower leakage current and lower micro-
several different methods of creating large compositionavave loss compared to undoped BST.Bagi, 025
variation in thin-film combinatorial libraries and composition Sf.35-0.45@.32-059103 was identified from a continuous
spreads. One such fabrication method, the precursor metho@@mposition spread ofBa, Sr, CaTiO3 as a compositional
can truly bring out the combinatorial nature of the synthesigegion with relatively low microwave lossin these experi-
approach because it creates different compositions from muMents, the desired co_mposit_ion at each position of the library
tilayers of amorphous precursors. By varying the combina/Vas created by combining different ratios of Baff BaCQ,

tions and thicknesses of precursors deposited at different p(?—r':2 or SrCQ, andl TiQ. The amorphousllayers were d(lapos-
sitions, one can generate very diverse compositiona]'Fed on (100 LaAlO; (LAO) by sputtering and/or pulsed

variation across the libraries. In this method, following the aser deposition. Carefully controlled thermal treatments of

o . . the precursor multilayers resulted in the formation of pre-
depositions, libraries undergo controlled thermal treatmentaominantly epitaxial BST films at each site
to (1).d|ffuse and mix the precursors ang) crystalliize ap- Although this technique is far from conventional for fab-
propriate compounds at each site. We have demonstrated [P?é

diffracti hat thi hni b q b ating BST films, the same precursors and similar postan-
x-ray diffraction that this technique can be used to obtaif,q iy nrocesses are commonly used in fabricating bulk ce-
predominantly single-phase epitaxial films on lattice-

ramic BST. Bak have also been used in fabrication of early

matched substratés. YBa,Cw,0,_, films, where Y, Bag, and Cu were co-
evaporated onto room temperature substrates, and subse-

dElectronic mail: takeuchi@squid.umd.edu quently annealed in oxygen for formation of the
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compound.® In these studies, it was observed that tempera- 2500
tures above 800 °C were required for complete dissociation

of BaF, and successful formation of YB@u,O,_,. Suc- 2000
cessful thin-film fabrication from precursors has been dem-
onstrated in many metal—oxide systetn$>® There are
other nonoxide materials systems whose novel phase spaces
may also be pursued with the combinatorial synthesis using
precursors. For instance, high quality thin films of I-Il1-VI
semiconductors such as chalcopyrites CujnBave been
successfully fabricated by seleniding and/or sulfiding an- I T R Pe-d R —
nealed multilayers of metal and/or metal—oxide precur3ors. 0 100 200 300 400 500
This suggests that these materials systems can perhaps also Channels

be explored through a combinatorial approach using a simi-

lar fabrication technique. However, the precursor techniqué&'C: 1. RBS spectra of BaH130 nm/TiO, (70 nm on (100 MgO an-
nealed in flowing oxygen as the temperature was ramped up at 1 °C/min.

is not universally 'applicable to all mate.rials SySte_mS- EVersamples A, B, and C were annealed up to 400, 700, and 900 °C, respec-
when the predominantly formed phase is the desired phasevely.

other minority phases and regions with microstructural de-
viations are expected to occur.

The success and integrity of the combinatorial thin-film~130 nm of Baf and~70 nm of TiO, were used to obtain
approach using the precursor technique depends on how weti200 nm of BaTiQ. We have found that the change in the
one can map out the trend with which the compositionaftotal film thickness after the annealing processes is negli-
variation changes the physical properties across the librargible. Following the deposition, the samples were placed in a
This does not usually translate to having to fabricate materi200 °C oven for a week. This turned out to be a crucial step
als with absolutely no minority phases and microstructurain the annealing process: When this period is not long
defects within each compositional region. For instance, irehough, subsequent annealing does not lead to proper crys-
superconductor libraries, as long as there is a sizable supdalline compound formatioff! Following the 200 °C anneal,
conducting domain within a fixetby design compositional ~ the samples were annealed at 900 °C for 1.5 h in flowiag O
region, most measurement techniques can detect their pregome of the samples were also annealed at 400 °C for 24 h
ence. On the other hand, there are materials properties thafior to the 900 °C anneal. However, this additional anneal-
are critically affected by small amounts of impurity phasesing step at 400 °C resulted in no substantial differences in
and defects. Applicability of the precursor technique to amicrostructure. All furnace ramp rates were 1°C/min. This
specific materials system needs to be determined on a casgnealing procedure is identical to the one used in processing
by_case basis] and its success depends on the degree to thg}mbinatorial libraries of BST and related materials in our

defects can affect the macroscopic physical property of inprior work™® For the present study, typically a set of samples
terest. were placed in the furnace to be annealed together and were

In order to investigate the limit of the precursor tech-taken out one after another successively at different tempera-
nique for making libraries of various materials, it is impor- tures, so that we could observe the evolution of the diffusion

tant to understand the details of the phase formation proceg$ocess as well as phase formation.
and microstructural development in thin films made from
precursors. To this end we have performed high resolutiolRESULTS AND DISCUSSION

cross—;ectional transmission electron micrqscO‘tﬁM) on Rutherford backscattering spectroscd®BS) and x-ray
BST films made from precursors. In particular, we haveqtraction were utilized extensively to characterize the pro-
looked at films made with fluoride precursors. Such studieg.assed thin films. Figure 1 shows a series of RBS spectra for
can also help elucidate the fundamentals of crystal formatio@an/Tioz samples which were taken out at various stages
process in BST. We find that there are indeed large epitaxig}, the annealing process. These particular samples were
grains with atomically sharp interfaces with the substrate,,qe on(100 MgO substrates so that Ba and Ti peaks are

Along with these grains, polycrystalline regions are alsOgjeqyly visible in the RBS spectra. In general, the peaks are

Yield

1000

found. significantly broader compared to what one expects from
such multilayers. This is due to the marked roughrieashe
EXPERIMENT order of 100 nmof the Bak precursor layer which occurs at

a lateral length scale much smaller than the beam spot size of
The precursor films studied here were deposited byHe beam(=~400 um) used for RBS. Thus, rather than fitting

pulsed laser deposition and/or sputtering oft60 LAO the spectra for quantitative analysis, we discuss the qualita-
substrates at room temperature. Some samples were also diee results. As the samples experienced a continuous in-
posited on(100 MgO for Rutherford backscattering spec- crease in annealing temperatures from 40Q€Q@ve A to
troscopy study. The TiQlayer is deposited first, followed by 700°C (curve B, the peaks appeared to have become
the deposition ofBa, SpF,. The required thicknesses of the slightly broadened indicating that there was small amount of
layers to be deposited were calculated based on the densithffusion that had taken place in between 400 °C and 700 °C.
and the molecular weight of the precursors. For instanceln contrast, the sample taken out at 900(eGrve Q displays
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FIG. 3. (a) Cross-sectional HRTEM of BaSr, sTiO; made from precursors
100 on LaAlO;. The image is taken along tfh©10] direction. A large epitaxial
9 b grain with an atomically sharp interface is observidy.Computed diffrac-
BaF i
2 b 2 I:> BaTiO, togram from a selected region (n).
70 p TiO,
E sample on100 LAO annealed and taken out of the furnace
S at 900 °C. The¥—26 scan[Fig. 2(@)] clearly shows the peaks
from the (100 oriented BaTiQ. As seen in this logarithmic
plot, no other discernible phases are present in the film. The
full width at half maximum(FWHM) of the (200 peak is
0.35°, which compares with 0.3° for the FWHM of the same

-30 70 170 270 peak of a typical BaTi@film on LAO in situ depositedonto

Phi Angle a heated substratéy pulsed laser depositidh.The peak
(b) broadening is an indication of the presence of defects and the

nonideal crystallinity in the films made from precursors. Fig-
FIG. 2. () #-26 scan of Bak (130 nm)/TiO, (70 nm) on (100 LaAlO;  ure 2b) is a ¢ scan of thg101) plane of BaTiQ of the same
annealed up to 900 °C. Strong peaks frti0) BaTiO; are observedb) ¢ fjjm_The fourfold symmetry indicates epitaxial growth of the
scan of the(lQl) plane of the same film. The inset shows a schematic of thefilm on (100). LAO with the expected cube-on-cube relation-
phase formation process from precursors. . S
ship. The FWHMs of the peaks are 1°, which is the same as
those from typicalin situ grown films indicating good in-
a substantial change in the spectrum indicating that signifiplane orientation. Similar numbers have been obtained in
cant diffusion had taken place between 700 °C and 900 °C.other (Ba, SHTiO; films made from precursors.
The phase formation process is found to occur concomi-  Figure 3a) is a cross-sectional high-resolution transmis-

tantly with the diffusion process. x-ray diffraction was usedsion electron microscopy (HRTEM) image of a
to characterize the crystallinity of the annealed samples. IBa, sSr, sTiO5 film made from precursors did00) LAO. The
all cases in which the samples were annealed at up tonage is taken along tH&®10] direction. A large continuous
temperatures< 700 °C, there were no visible peaks from the epitaxial grain is seen. Figurgl§ is a computed diffracto-
films. In contrast, samples taken out at 900 °C showed cleagram from a selected region in Fig(a, and it attests to the
peaks from(Ba, ShTiO5 indicating that most of the phase cube-on-cube epitaxial relationship. Figui@4s a HRTEM
formation occurred between these temperatures. Figure itnage of a(Bag gSiy ») TiO3 film made from precursors taken
shows the x-ray diffraction results from one such BARO,  at higher magnification. The selected area diffractiBAD)

FIG. 4. BggSr,T105 film made from precursors on
LaAlO;. The image is taken along ttj@10] direction.

(@ HRTEM image showing an epitaxial relationship
between the substrate and the film. A Burgers circuit
shows the presence of an interfacial misfit dislocation.
(b) Corresponding selected area diffraction of both the
substrate and film showing a cube-on-cube orientation
relationship. An enlargement ¢200) reflections shows

a spread of orientations for the &, ,TiO; film.
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FIG. 5. (a) Low magnification cross-sectional dark field image of a BaTi made from precursors. The image was taken with both LaAl@ BaTiQ

(010 reflections, and its bright contrast represents a cube-on-cube oriented continuous epitaxial film. The continuity of the film is interrupteddn the reg
marked A.(b) Bright field image of that region. A selected area diffraction of this region shows the presence of polycrystalline grains with structures different
from that of BaTiQ.

pattern[Fig. 4(b)] indicates that the film has @00 orien-  polycrystalline region. Polycrystalline grains in such regions
tation, and it has a cube-on-cube epitaxial relationship witthave most likely nucleated inside the bulk of the film, rather
the substrate. A Burgers circuit shows the presence bf a than at the interface.
=[001]a interfacial misfit dislocation. At the bottom of Fig. We have also observed the occurrence of microstructural
4(b) is an enlargement of200) reflections, which shows a defects at a much smaller scale. Figure 6 is a high-resolution
spread of orientations for th®a, gSrp ») TiO5 film. It is from image taken of a BaSr, ,TiO3 sample. The image is taken
the mosaic spread associated with the formation of misfinlong the[010] direction, and the image region is 150 nm
dislocations. The film has an atomically sharp interface withwide. Here, there are polycrystalline phases at the interface,
the substrate. The period of dislocation~20 unit cells, and above thenabove the dotted linethere is an epitaxial
which is consistent with the lattice mismatch between LAOgrain, which had apparently nucleated at a nearby interface
and thec axis of (Ba,gSKp»)TiO3. Images such as these region and continued to grow over the nonepitaxial region
clearly indicate that the film growth nucleated at the inter-shown. For the most part, individual nonepitaxial domains
faces. such as these are sméadt most tens of nm in sizeand they
Along with the epitaxial grains, which are the dominant have likely formed as a result of nonuniform diffusion of the
feature of the films, we also encountered regions that disprecursors. Different regions marked by letters of the alpha-
played the formation of polycrystalline grains. The overallbet are identified as epitaxial and oriented cube on ¢aple,
volume fraction of these regions is such that they do notand 9, nonepitaxial perovskitéd), Ba—Sr—Ti—O transient
appear in the standard large area powder-type x-ray diffrac-
tion, which only displays peaks from the large epitaxial
grains[Fig. 2(@)]. Figure 5 is a low magnification cross-
sectional dark field image of a BaTi@lm made from pre-
cursors. The image was taken along {0&Q] direction. It
was taken with both LAO and BT@210) reflections, which
are very close to each other. Its bright contrast represents a
substrate and BTO regions which are in cube-on-cube orien-
tation. The continuity of the epitaxial film is interrupted in
the region marked A. Figure(B) is a bright field image of
region A. The image and SAD diffractiofmot shown herg
of this region indicate the presence of polycrystalline grains substralg
with structures different from that of BaT§OThe extent of
the distribution of these regions in the film depends on the 17 nm
deposition/annealing conditions, and it varies somewhag g, 6. cross-sectional HRTEM of a B4Sr, ;TiO, film made from precur-
from sample to sample, but all the samples we have studiesbrs on LaAIQ. The image is 150 nm across, and it was taken along the
exhibited areas with such nonepitaxial regions. Although théO_lO] direction of the sut_)strate. Regions a, b,_ and c are epitaxial and are
exact mechanism is not clear, in this particular case, we bq%ner_lted cube c,m cube W|t_h the substrate. Reglon dis eplta_X|aI_but Fextured.
. . . L . egions e and'eare transient phases. Regions f aha@uife grains in orien-
lieve it was the nonuniformity in the thickness of the depos-ations that do not form lattice fringes. The dotted line is the boundary
ited BaF, in the region which led to the formation of the between epitaxial and nonepitaxial regions.
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phases(e and é), and grains in orientations not forming confirms the validity of the combinatorial technique as ap-
lattice fringes(f and f'). The transient phases have formed asplied to this materials system, and the films obtained in com-
a result of incomplete interdiffusion of the precursors, anddinatorial libraries made from precursors can be expected to
their crystal structures are different from that of the perov-display properties similar to those made by more conven-
skite phase. An example of a transient phase is gaTiThe  tional techniques. Further investigation of the phase nucle-
formation of these phases is dictated by the local equilibriun@tion and its evolution in annealed precursor films is cur-
of off-stoichiometric composition distribution. Since the pre- rently under way.
cursor diffusion and the BST crystallization take place at
r_ight around the same temperature ra(]ZjéO_—QOO °Q, it is_ dACKNOWLEDGMENTS
likely that such phases form prematurely in some localize
regions prior to completion of uniform interdiffusion. There I. Takeuchi acknowledges a Visiting Scientist fellowship
is evidence that the some of the transient phases eventuallfom the National Center for Electron Microscopy at
turn into the correct perovskite BST phases upon further ankawrence Berkeley National Laboratory. We acknowledge
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